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Abstract
Liposomes composed of cationic lipids and neutral phospholipids have been used as vehicles for cellular delivery of DNA and drug delivery. The
aim of this study is to get a better understanding of phospholipid–cationic lipid interactions that is essential for the development of this potential.
We have studied the interaction between cationic lipid liposomes primarily composed of dioctadecyldimethylammonium bromide (DODAB) with
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dwo different phospholipids, dioleoyl phosphatidylethanolamine (DOPE) and soybean phosphatidylcholine (PC), as well as with cholesterol. The
ffect of these components on the liposome’s physical properties (microviscosity and polarity) was accessed by studying, both the steady-state and
ime-resolved, fluorescence anisotropy of the dye Nile Red. This information combined with analysis of the steady-state emission and fluorescence
ifetime of Nile Red using the different lipids and cholesterol provided information concerning the polarity and hydration level changes in these
esicle systems along with organisational information.
2005 Elsevier B.V. All rights reserved.
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. Introduction
Dioctadecyldimethylammonium bromide (DODAB) is
long chain cationic surfactant that, in excess of water,
elf-assembles above the gel to crystalline phase transition
emperature (Tm) into a giant closed bilayer vesicle structure
1,2]. The structural organisation of this type of amphiphile
epends on the concentration, vesicle preparation method,
olvent composition, temperature and any further additives
2,3]. A significant number of studies made with cationic lipids
nd DNA have reported that the key role of the cationic lipid
s to provide an electrostatic attraction between the positively
harged liposomes and the negatively charged DNA molecule
4–13]. Cationic liposomes designed for nucleic acid delivery
enerally are intrinsically unstable and undergo a structural
ransition upon interacting with the cells [4,14]. Membrane
Abbreviations: Ch, cholesterol; DODAB, dioctadecyldimethylammonium
romide; DOPE, dioleoyl phosphatidylethanolamine; NR, Nile Red; PC, soy-
ean phosphatidylcholine
∗ Corresponding author. Tel.: +351 253 604325; fax: +351 253 678981.
conformational instability, which appears to be essential to
their delivery function, was found to be enhanced by inclusion
of a helper lipid into the cationic liposomes [7–9,12,13,15–19].
In contrast, liposomes used for drug delivery are required
to be intrinsically stable in order to retain their contents
[20,21].
As phospholipid–cationic lipid interactions are known to
influence the vesicle properties [14,17,22], studies were per-
formed to ascertain the effect of the cholesterol and the phospho-
lipids, DOPE and PC, on DODAB cationic vesicles in aqueous
solution. This involved both steady-state and time-resolved flu-
orescence anisotropy in order to evaluate the effect of these
additives on the liposome’s physical properties. While some
work has made use of steady-state fluorescence spectroscopy to
characterise the properties of the cationic liposomes (hydration,
polarity and fluidity) [11,18,23], to our knowledge time-resolved
anisotropy has been scantly employed.
The choice of probe for this work, Nile Red, is hydrophobic
in nature with a low solubility and fluorescence in water
and has demonstrated its value in the study of biological
membranes [24,25]. It is highly solvatochromic and both itsE-mail address: beta@fisica.uminho.pt (M.E.C.D.R. Oliveira). steady-state and time-resolved fluorescence emission properties
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are strongly medium dependent [26–28]. It usually exhibits an
increase in fluorescence yield with decreasing solvent polarity
accompanied by a blue shift in the peak emission. By studying
the fluorescence anisotropy of Nile Red, it has proved possible
to elucidate information concerning the polarity and hydration
level changes in vesicle systems [27].
2. Experimental
2.1. Materials
Soybean phosphatidylcholine (PC), cholesterol (Ch)
and dioleoyl phosphatidylethanolamine (DOPE) were
purchased from Sigma. Dioctadecyldimethylammonium
bromide (DODAB) was purchased from Tokyo Kasei and
the solvatochromic probe Nile Red [9-(diethylamino)-5H-
benzo[α]phenoxazin-5-one] (NR) from Aldrich. All were used
as received and their structures are depicted below (hydrogens
omitted).
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2.3. Fluorescence measurements
The steady-state fluorescence measurements were performed
using Spex Fluorolog 2 spectrofluorimeter. Polarised emission
spectra were recorded using Glan-Thompson polarisers. All
spectra were corrected for the instrumental response of the
system. The time-resolved fluorescence measurements were
performed, both at room temperature and 55 ◦C, using a single-
photon counting spectrometer equipped with pulsed nanosecond
LED excitation heads (HORIBA, Jobin Yvon, IBH Ltd., Glas-
gow, Scotland) with the equipment running in reverse mode
because of the high repetition rate (800 kHz). The detection of
the fluorescence, wavelength selected using an interference fil-
ter or when low intensities were encountered a cutoff filter, was
made using a Hamamatsu R2949 photomultiplier. The fluores-
cence lifetime data were measured to 10,000 counts in the peak,
unless otherwise indicated. The instrumental response function
was recorded sequentially using a scattering solution and a time
calibration of 23 ps/channel, giving a nominal time resolution of
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D.2. Vesicle preparation
Lipid films were prepared from DODAB stock solutions in
hloroform, with DOPE, PC or Ch at several molar ratios, by
vaporation of solvent under a nitrogen stream. Vesicles were
ormed by hydration of lipids with an aqueous buffer solution
20 mM HEPES and 10 mM NaCl), at 60 ◦C (above the DODAB
ransition temperature), followed by sonication in a bath (Heat
ystems W-225R), to obtain optically clear solutions. The final
ODAB concentration was 1 mM. Nile Red (10−6 M) was intro-
uced to the final vesicle solution by injection of 10L of a
× 10−4 M stock solution of the dye in ethanol. The vesicle
olutions were cooled to room temperature and stored for 24 h
rior to measurement.00 ps after reconvolution. Data were analysed by using a sum
f exponentials, employing a non-linear least squares reconvo-
ution analysis from HORIBA, Jobin Yvon, IBH Ltd., of the
orm:
(t) =
n∑
i=1
αi exp
(−t
τi
)
(1)
The pre-exponential factors (αi) are shown normalised to 1
nd the errors are taken as three standard deviations. The good-
ess of fit was judged in terms of both a Chi-squared (χ2) value
nd weighted residuals. Time-resolved anisotropy decays were
nalysed making use of the impulse response function (IBH
AS6 software).
G. Hungerford et al. / Journal of Photochemistry and Photobiology A: Chemistry 181 (2006) 99–105 101
Fig. 1. Emission spectra of Nile Red in the DODAB + (Ch, DOPE or PC) systems
for a molar ratio 1:1 (λexc = 550 nm, the peak absorption). The inset shows the
total fluorescence intensity with temperature.
3. Results and discussion
3.1. Fluorescence emission
The steady-state fluorescence spectra for Nile Red (NR)
incorporated in the DODAB/lipid systems in molar ratio 1:1
is given in Fig. 1. The effect of phospholipids (PC, DOPE) is
a reduction of polarity and probably a lower level of hydration
in the vesicle interface, where NR is located. Similar trends are
seen in the excitation spectra (not shown). The effect of Ch is
different and an enhancement on the blue side of the spectrum is
observed by the manifestation of a shoulder, but this is accom-
panied by an overall decrease in the fluorescence quantum yield.
The excitation spectrum also exhibits a corresponding shoulder.
The effect of increasing temperature is given as an inset in
Fig. 1. This shows the variation of the total fluorescence inten-
sity (Itotal) with temperature. For DODAB alone a maximum is
observed at the phase transition temperature (ca. 45 ◦C), after
which a steady decrease in intensity is seen. From this data it
appears that NR relocates as the temperature increases in the gel
state to a less polar environment—more to the interior, giving
rise to an increase in fluorescence intensity, due to less water
penetration. In the liquid-crystalline phase the NR environment
appears more constant and the observed decrease in the fluores-
cence intensity with temperature follows the normal trend of an
increase in non-radiative processes with temperature. The latter
trend is also observed in the mixed vesicle systems, which are
observed to be in the liquid-crystalline phase.
To compliment the steady-state observations time-resolved
fluorescence measurements were performed. These were carried
out using two excitation wavelengths (to check for NR par-
titioning by preferentially exciting NR in non-polar (490 nm)
or more polar (590 nm) environments), both below and above
the DODAB phase transition (Tm) temperature. The rationale
was that is the data recovered appeared excitation wavelength
independent then the NR environment could be considered
homogeneous, while if the lifetime data exhibited an excitation
wavelength dependency then partitioning of the NR was likely
to have occurred.
Generally the decays were found to be multiexponential
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Table 1
Time-resolved data from Nile Red in the different systems at room temperature (RT,
System Temp. λexc (nm) λem (nm) τ1 (ns) τ2 (n
DODAB RT 490 650 3.54 ± 0.08 2.75
590 650 3.51 ± 0.06 2.53
55 ◦C 490 >570 3.58 ± 0.95 2.05
590 650 4.76 ± 2.65 2.10
DODAB + DOPE RT 490 650 5.60 ± 2.20 3.56
590 650 3.79 ± 0.06 1.89
0.78
1.84
D 2.38
3.61
2.49
2.38
D 5.68
3.05
3.30
2.17
T55 ◦C 490 650 2.21 ± 0.01
590 650 2.66 ± 0.81
ODAB + PC RT 490 650 3.96 ± 0.05
590 650 4.22 ± 0.63
55 ◦C 490 650 3.60 ± 0.51
590 650 3.86 ± 1.50
ODAB + Ch RT 490 650 8.87 ± 2.70
590 650 5.89 ± 0.06
55 ◦C 490 >570 5.28 ± 0.09
590 >615 4.00 ± 0.15
he emission was selected using either interference or cutoff filters.nd for the sake of simplicity the recovered lifetimes are also
epresented by an average value (τave), given in Table 1. The
act that negative pre-exponential factors were recovered is
ndicative of the occurrence of an excited state process, which
e shall discuss later. The τave value is useful in providing an
nitial indication concerning the NR environment. For all the
ystems, with the noticeable exception of DODAB + Ch, and
erhaps DODAB + DOPE at room temperature, the average
ca. 25 ◦C) and 55 ◦C and two excitation wavelengths
s) τ3 (ns) α1 α2 α3 τave (ns) χ2
± 0.45 0.49 0.51 3.1 1.11
± 0.09 0.41 0.59 2.9 1.08
± 0.03 0.78 ± 0.61 0.03 0.82 −0.15 1.9 1.11
± 0.01 0.23 ± 0.06 0.01 0.65 −0.34 1.5 1.15
± 0.06 2.35 ± 0.64 0.03 0.62 −0.35 3.2 1.17
± 0.24 1.60 ± 0.32 0.34 0.33 −0.33 2.4 1.09
± 0.07 0.68 −0.32 1.8 1.17
± 0.06 0.85 ± 0.60 0.12 0.69 −0.19 1.8 1.07
± 0.21 1.10 ± 0.31 0.67 0.24 −0.09 3.3 1.10
± 2.91 1.06 ± 0.15 0.17 0.65 −0.18 3.3 1.11
± 0.39 1.00 ± 0.05 0.05 0.61 −0.34 2.0 1.26
± 0.03 0.72 ± 0.42 0.04 0.77 −0.19 2.1 1.19
± 0.96 2.11 ± 0.81 0.07 0.80 −0.13 5.4 1.05
± 0.24 0.50 0.50 4.5 1.09
± 0.12 0.54 ± 0.39 0.21 0.67 −0.12 3.4 1.23
± 0.25 0.18 ± 0.15 0.12 0.35 0.53 1.3 1.02
102 G. Hungerford et al. / Journal of Photochemistry and Photobiology A: Chemistry 181 (2006) 99–105
lifetime values within each system do not exhibit any significant
dependency on excitation wavelength. Thus, we shall, as a
first approximation, consider that the environment probed by
NR is homogeneous. This assumption will not be applied
to DODAB + Ch, where there is a great likelihood that NR
partitions between two (or more) locations. The τave values at
higher temperatures are similar for all systems (DODAB + Ch
excluded) and approximately 60% those of the lower tem-
perature showing an increase in non-radiative deactivation
pathways. The trend below the Tm for DODAB, shows a minor
increase from DODAB alone, to DODAB with the addition of
DOPE to DODAB with PC. A slight wavelength dependency is
seen for DODAB with DOPE at room temperature may hint at
some partitioning of NR between different environments.
3.2. Anisotropy analysis
If we consider the steady-state anisotropy for NR in the differ-
ent systems, shown in Fig. 2, it is clear that there is a wavelength
dependency. We have previously analysed such behaviour for
NR in mixed lipid systems by considering a dual emission from
an initially excited state and a solvent relaxed state [27]. Here
it seems pertinent to do so again and the fluorescence spectra
obtained at vertical and horizontal polarisation (with vertically
polarised excitation) were fitted to a sum of two lognormal
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polarisation, respectively (for excitation with vertical polarised
light).
The inset of Fig. 2 shows the fraction of the state 1 for the dif-
ferent samples. On addition of DOPE or PC there is only a slight
increase in the proportion of this excited state over DODAB
alone and the values are close to those seen using NR in egg
PC [29]. The significant difference in the data appears to be that
for DODAB + Ch, however it should be kept in mind that the
origin of the emission in this case is from differently located NR
and not from an initial and relaxed state (although each location
may have emissions from both). The use of extra components did
not significantly improve matters and in order to avoid an over
parameterisation of the data, a sum of two lognormal functions
was used throughout to describe the data. Hence for simplicity
the states will be named 1 and 2 throughout and their origin
dependent on the system studied.
The effect of the addition of different quantities of additive to
DODAB is demonstrated in Fig. 3, where this spectral decom-
position was employed [27]. The lower wavelength emission
shows that the behaviour on addition of DOPE or PC is simi-
lar; a decrease in peak emission wavelength accompanied by a
reduction in anisotropy. State 2 also shows a similar behaviour,
except that the anisotropy does not change. In both cases the
addition of Ch initially follows this trend, but then produces (at
50%) a dramatic shift to longer wavelengths. For state 1 the
Fig. 3. Position of the peak emission and associated anisotropies for NR in
DODAB with different quantities of additives. Open symbols relate to state 1
and closed to state 2.unctions, one for each emitting state, with the same width and
kewness parameters. The steady-state fluorescence anisotropies
or the two states (1 and 2) were then calculated from:
1 = (AVV)1 − (AVH)1(AVV)1 + 2(AVH)1
r2 = (AVV)2 − (AVH)2(AVV)2 + 2(AVH)2
(2)
he emission intensity fraction of the lower wavelength excited
tate is:
1 = (AVV)1 + 2(AVH)1(AVV)1 + 2(AVH)1 + (AVV)2 + 2(AVH)2
(3)
here AVV and AVH are the maximum emission intensities
f the spectra obtained with vertical and horizontal emission
ig. 2. Variation in NR anisotropy with emission wavelength for NR in the
ODAB + (Ch, DOPE or PC) systems for a molar ratio 1:1. Inset is the fraction
f fluorescence attributed to excited state 1.
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steady-state anisotropy appears higher for all DODAB/Ch frac-
tions, than for the other systems, while no difference in this value
is noted for state 2, for DODAB/Ch fractions lower than 0.25.
The higher value of r1 for DODAB + Ch system suggest either
some resistance to rotational relaxation motion (more viscous
environment) or a restricted environment for NR. The above
observations can be explained, if initially there is an even distri-
bution of Ch between the lipids, which on Ch enrichment leads
to the formation of lipid–cholesterol condensed complexes [30].
Overall this would explain the blue shift in the Nile Red emission
spectrum as the lipid packing changes and the dye is less acces-
sible to the aqueous region. At the higher Ch concentrations the
cholesterol can self associate to form crystalline domains [31],
which expel the probe to a more polar environment. This effect is
more pronounced in the wavelength data, but is also perceptible
in the anisotropy data. Although simplistic this form of analy-
sis shows its merits in elucidating information concerning these
difficult systems.
In order to obtain further data time-resolved anisotropy mea-
surements were performed at two excitation wavelengths to
attempt to excite different environmental distributions of NR
(490 nm NR in non-polar and 590 nm for NR in more polar
environments) in the mixed systems and the outcome is rep-
resented in Fig. 4. This shows that, at room temperature, the
use of different excitation wavelengths uncovers different rota-
tional correlation times (Fig. 4a). This is especially pronounced
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Fig. 4. Time-resolved anisotropy data for NR in the DODAB systems at different
temperatures and excitation wavelengths, giving (a) the rotational correlation
times and (b) the rotational hindrance calculated from Eq. (4). For clarity in
(b) the y-axis gives 90◦—the semicone angle, i.e. larger values indicate greater
hindrance.
alone, that the NR encountered a similarly restrictive environ-
ment, which relates to the fact that at this temperature the system
is in the gel state. The system with DOPE exhibits a similar, but
smaller, hindrance for both excitation wavelengths. It should
be noted that the system is in the liquid-crystalline phase, as is
DODAB + PC. Here a difference can be observed between the
two excitation wavelengths. Using 490 nm the value is similar
to that with DOPE, but at the higher excitation wavelength the
environment is more restrictive, although not as restrictive as
with DODAB alone. This indicates that PC packs better than
DOPE in this region. Again the results with the addition of Ch
are markedly different.
Cholesterol is known to increase the microviscosity in vesi-
cles [34] and this is supported by the steady-state anisotropy
data (see Fig. 3), although only at high Ch concentrations con-
sidering state 2. The time-resolved data indicate, however, that
the viscosity probed by NR (as seen from the rotational correla-n the case of the sample with added Ch, which in contrast
o the other samples exhibits a shorter time with excitation at
90 nm. This has been studied elsewhere as a function of Ch
oncentration [32]. In general, at the elevated temperature, all
he rotational correlation times are on a similar timescale with a
lightly higher value recovered for the longer wavelength exci-
ation, with a slight difference noted for DODAB + Ch. This
ccurs because the rotational correlation times reflect the vis-
osity of the microenvironment and at 55 ◦C, all the systems are
n the liquid-crystalline phase and exhibit similar viscosities. To
lucidate confinement of the probe we calculated the rotational
indrance via Eq. (4):
(
r∞
r0
)1/2
= cos2 θ + cos θ (4)
here θ is the semi-angle of a cone in which the fluorophore can
reely rotate.
Fig. 4b shows the ability of the NR to rotate calculated from
he initial and residual anisotropies (r0 and r∞, respectively)
sing the wobbling in cone approximation [33] via Eq. (4). For
he sake of clarity the vertical axis represents 90◦ minus the
emi-angle, i.e. the larger the value shown the greater the hin-
rance. It can be seen from this figure that, with the exception of
he Ch sample, at 55 ◦C the NR in a more non-polar environment
s completely free to rotate. However, at the same temperature,
onitoring the NR emission with an excitation wavelength of
90 nm, shows a degree of hindrance associated with the head
roup packing. The inclusion of additives to DODAB produces
slightly more restrictive environment for the NR. The corre-
ponding room temperature data show, in the case of DODAB
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Fig. 5. Proportion of emission intensity associated with state 1 for NR in
DODAB with increasing quantity of Ch.
tion time [33]) on the whole is no greater than that found in the
DODAB systems with other additives. The major difference is
observed in the hindrance of the NR rotation, which is indica-
tive of NR located, either in the head group region or in another
confining environment.
In order to elucidate further information concerning the effect
of Ch enrichment, progressive addition of Ch was made to the
DODAB vesicles and the steady-state spectra analysed using Eq.
(3). The fraction associated with the lower wavelength emitting
state (state 1) is represented in Fig. 5. This shows that at lower
concentrations the major emission arises from state 2, whose
emission wavelength (Fig. 3) remains more or less constant. The
fraction of emission associated with state 1 does not increase
much until a concentration of 33% Ch is reached, although NR
reports on an increasingly non-polar environment (Fig. 3). At the
50% addition of Ch, NR emission reports on a polarity increase
for both emissions and now the major fraction is that associated
with the shorter wavelength (state 1) emission. This data also
supports the fact, that the increase in Ch concentration effects the
organisation of the bilayer by first forming condensed complexes
with the cationic lipids and then, at higher Ch concentrations,
crystalline domains [30,35].
3.3. Excited state behaviour
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As the fuller decay time analysis (Table 1) recovered negative
pre-exponential components, thus indicating the presence of an
excited state process, along with the fact that the decomposition
technique [27] applied to the anisotropy data provided accept-
able fits, is supportive of using this type of model. However, as at
times the sum of three decay components is required to provide
a satisfactory fit to the data, shows that the process is probably
more complex and raises the possibility that NR is also dis-
tributed between different local environments. This is especially
evident in the system with Ch, where it is clear that the sim-
ple two state solvent relaxed model is not sufficient. NR is well
known for its environmental sensitivity [36] and ability to report
on different environments [26]. The results obtained here are
indicative of the presence of more than one microenvironment
and decomposing the NR emission spectrum into a sum of two
individual components a difference of ∼40 nm is obtained. This
is greater than that (in the order of 10 nm) previously obtained
for initially excited and solvent relaxed states in vesicles [29],
although shifts, of a similar magnitude to those observed here,
have been reported for solvent relaxation of this dye [27] and
also for Coumarin 153 [37]. The latter has also exhibited solvent
relaxation in mixed lecithin–taurocholate mixed micelles [38].
Although not possible to resolve in terms of wavelength,
because of the use of filters, calculations were attempted to
obtain some of the rate constants by assuming the possibility of
a two-state model or even the presence of two, two-state models,
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dPrevious analysis of NR in membrane systems have analysed
he emission as originating from two states [27,29]. A model
mployed by Krishna [29], which consists of a simple two-state
odel is shown in Scheme 1, where A* and B* represent the
nitially excited and newly formed excited state species, with
he possibility of a reversible reaction.
Scheme 1.o mimic two environments. In the case of an irreversible pro-
ess, values of kAB were obtained using both combinations of τ1
nd τ2, and τ1 and τ3. In both cases τ1 was associated with B*.
imilar calculations were done considering a reversible process
o obtain (kB + kBA)app [29]. However, from our decomposition
he intensity of the lower wavelength spectrum (inset Fig. 2)
ppears to be the minor one, which can indicate that the excited
tate is irreversible [29]. A complete analysis of the lifetime val-
es is difficult and would require more thorough data, however
ate constants in the range 0.1–0.3 ns−1 can be obtained using
1 and τ2 (an exception is 0.8 obtained for DODAB + DOPE,
90 nm excitation, 55 ◦C), while higher values 0.3 to 1.7, excep-
ion 4.1 for DODAB at 590 nm excitation, 55 ◦C) are recovered
sing τ1 and τ3.
The time-resolved data show the complexity of these sys-
ems, however it is important to note that the simple anisotropy
nd time-resolved analysis have proved useful analytical tools,
lthough it is acknowledged that the results obtained may rep-
esent an average of a combination of processes.
. Conclusion
The utilisation of steady-state and time-resolved anisotropy
oupled with the solvatochromic probe Nile Red has proved
seful in characterising the different DODAB mixed systems.
n addition of DOPE, or DOPC to DODAB there is an homo-
eneous mixing of the lipids and a two-state model involving
olvent relaxation is adequate to describe the system. A
ifferent behaviour is elucidated by the inclusion of cholesterol,
here a progression from even distribution to complex and
omain formation with cholesterol enrichment of the DODAB
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vesicles can be observed. Here a two-state model may also
be employed, but describing the partitioning of NR between
different environments.
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